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Abstract 
 
Titanium alloys are considered desirable materials when both mechanical properties and weight reduction are requested at the 
same time. This class of materials is widely used in application fields, like aeronautical, in which common steels and light-
weight materials, like aluminum alloys, are not able to satisfy all operative service conditions. Most of manufacturing processes 
of titanium alloy components are based on machining operations, which allow obtaining very accurate final shapes but, at the 
same time, are affected by several disadvantage like material waste and general production costs. During the last decade, the 
forging processes for titanium alloys have attracted greater attention from both industrial and scientific/academic researchers 
because of their potential in providing a net shaped part with minimal need for machining. In this paper, a numerical analysis of 
the forging process design for an Ti-6Al-4V titanium alloy aerospace component is presented that focuses on the role of 
material evolution during thermomechanical processing. This component geometry is characterized by thin webs and ribs, and 
sharp corner and fillet radii. The numerical model was tested and validated by means of comparison with real experimental 
forgings in order to verify the quality in the prediction of material flow and microstructure evolution. Moreover, the analysis of 
forgeability of the same component with more critical geometrical ratios is considered in order to test the capability of code to 
support the forging sequence design in the case of a complex shape component. 
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1. Introduction 
Titanium is the main constituent in titanium alloys, of course, but they can contain a significant amount of other 
elements, which are added for a variety of metallurgical reasons. The strength of titanium alloys can often be 
compared to steel, but they have the advantage of having only about 60% of the weight. Their lower density allows 
these alloys to be used in applications where lower weight is advantageous. Furthermore, the corrosion resistance 
of titanium permits it to avoid the need for corrosion protective coatings or paint even in extremely corrosive 
environments. Finally, the use of polymer matrix composites has significant compatibility problems that limit their 
higher utilization in aircraft structures. They are used extensively in automotive applications including crankshafts, 
connecting rods and a variety of drivetrain components. Like iron, titanium has two solid crystalline forms: at low 
temperatures, the crystalline phase is called Alpha, and it has a hexagonal closed packed structure; at high 
temperatures, the crystalline phase is called Beta and has a body centered cubic structure. The temperature at which 
the solid becomes fully Beta is called the Beta-transus temperature and changes as function of the alloying 
elements composing the alloy, with a variation from 670 to 1050 °C [1]. A major drawback in the use of titanium 
alloys is a conspicuous increase of production costs, especially when most of production processes are based on 
machining operations, which is at least 10 times higher than machining Aluminum. Moreover, it should be taken 
into account that the raw material may cost from 3 to 10 times as much as steel or aluminum. The machinability of 
titanium and its alloys is generally considered poor owing to several inherent properties of these materials. In this 
paper, a numerical analysis on hot forging of Ti-6Al-4V components for aeronautical applications is presented. The 
numerical model was calibrated and validated by means of experimental data coming from previous studies [2]. 
Simulations have been conducted under different thermo-mechanical conditions and the final microstructure has 
been predicted. A dedicated numerical model was used to simulate the process and the metallurgical evolutions 
occurring during the forming as well as the cool down stage [3, 4]. Two different variations of the same geometries 
were considered in order to analyze the influence of geometrical ratios of workpiece on the forging process 
behaviour. A design of numerical experiments was performed to determine the best die geometry minimizing the 
buy-to-fly ratio, which is the weight ratio between the raw material used for a component and the weight of the 
component itself.  Due to the importance of weight optimization, it is not uncommon to find a buy-to-fly ration 
higher than 20 for flying components, which implies a lot of cost to the component for material and machining. All 
simulations were performed by means of the implicit lagrangian code DEFORM3D™. 
2. Existing studies 
The main basis for a good numerical analysis of a forming process is the correct material definition within the 
code in order to obtain a good prediction of its behavior as function of thermo-mechanical history. This may be 
useful to calculate the best parameters set for the real process and the correct die shape to reach the final shape. 
There are several studies conducted in order to find a good numerical characterization for titanium alloys 
(especially the Ti-6Al-4V alloy) both from a thermo-mechanical and metallurgical point of view. A study to 
examine the effect of temperature on flow stress of Ti–6Al–4V alloy was presented by Cai [5] in which isothermal 
hot compression tests were conducted over a range of temperatures from 800 to 1050 °C and strain rates from 
0.0005 to 1 s-1. The influence of strain in the constitutive equation of Ti– 6Al–4V was incorporated by considering 
the effect of strain on material behavior. The developed constitutive equation was found to precisely predict the 
flow stress under most deformation conditions in Alpha+Beta and Beta phase regions with some significant 
deviations between the experimental and the computed flow stress data at some deformation conditions. 
Seshacharyulu [6] studied microstructural mechanisms in the hot deformation of commercial Ti–6Al–4V with an 
equiaxed Alpha-Beta microstructure by means of tensile tests conducted on cylindrical specimen in a range of 
temperature from 750 to 1100°C and strain rate range from 0.0003 to 100 s-1, in order to identify the window for 
industrial processing with optimal workability and controlled microstructure in a temperature range from 750 to 
950 °C and strain rates slower than 0.002 s-1. The material exhibits a wide regime of flow instabilities at strain rates 
higher than 0.1 s-1 manifesting adiabatic shear bands in the Alpha-Beta range.  Geijselaers e Huétink [7] based their 
research on the creation of a mathematical model used as base for a 2D analysis. The adopted approach allowed the 
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calculation of phase transformations only as function of the thermo-mechanical conditions with the following steps: 
thermal component solution; calculation of temperature variations with induced phase changes and thermal loads; 
mechanical solution; calculation of strains and recalculation of the temperature and global stress state. 
3. Used material 
The material used for this study is the Ti-6Al-4V alloy which is one on the most used titanium alloy in the 
aerospace applications. It is a dual phase Alpha-Beta alloy showing different volume fractions of Alpha and Beta 
phases, depending on heat treatment and interstitial (primarily oxygen) content [8]. Furthermore, Ti-6Al-4V can 
acquire a large variety of microstructures with different geometrical arrangements of the Alpha and Beta phases, 
depending on the thermo-mechanical conditions reached during the process and subsequent cool down. 
Consequently, the forging conditions, such as maximum temperature experienced, strain and cooling rate, largely 
influence the mechanical characteristics of the forged components. If plastic deformation occurs in the “Beta 
region” the final microstructure becomes Alpha lamellar with rough dimension lamellae [9]. When the plastic 
deformation occurs below the Beta-transus point, the final microstructure becomes bimodal with small lamellar 
Alpha+Beta of smaller Alpha grains.  Hence, the temperature at which the process is carried out has a strong 
influence also on the forging loads, being the flow stress of the Alpha phase about three times the one of the Beta 
phase [10, 11]. 
4. Numerical model calibration and case study 
The numerical simulation campaign was conducted by means of commercial implicit lagrangian code 
DEFORM3D™ after a calibration stage based on a prior experimental campaign [2]. This step was crucial to 
evaluate the material characterization within the code itself. The experimental test was the setup of a hot forging 
process consisting of a two-step sequence in which the final objective was to reach a near-net-shape of the 
considered workpiece made of Ti-6Al-4V titanium alloy, in order to optimize the initial amount of material and 
reducing the machining post-forging operation as soon as possible. See [12] for more details of this calibration 
process. The current study was conducted on the analysis for a Ti-6Al-4V workpiece with two different 
configurations characterized by different geometrical ratios but forged using the same process parameters (Fig. 1). 
The forging of the simple workpiece (Fig. 1a) was carried out by means of a single stage process in the sub-transus 
Alpha-Beta and post-transus Beta fields, while the complex one (Fig. 1b) was forged by adopting a two stage 
forging sequence.   
 
 
Fig. 1. Post-machining component in both geometrical variations: (a) simple configuration and (b) complex configuration. (Courtesy of 
Boeing Company). 
 
The dies were properly designed to achieve a satisfactory final forged shape that needing a soft-machining 
operation after forging to obtain the final shape shown in Fig. 2. In fact, if pure machining process is considered 
starting with a rolled rectangular block, each part needs a very high value of buy-to-fly ratio to reach the final 
geometry: in the case of complex geometry, the weight of the initial starting material can be, in the case of 
complex workpiece, up to 28 times greater than that the final component. It means that, considering the cost of raw 
material, the economic aspect in obtaining this component could represent a critical barrier in perspective of 
industrial production. In this scenario, the use of a proper forging sequence to reach the near-net-shape may 
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significantly reduce the material requirement and cost of the machining operation.  The use of FE codes can help 
to reach a good process setup in order to evaluate the feasibility of forging these parts when the ratio between 
depth and thickness of forged section, also defined as rib/web ratio, changes to high values. In the simple case 
study for the part with the easy geometrical ratio, the forging geometry was designed using the classical rules for 
die design recommended for forging processes [13-15]. Moreover, the shape complexity of simple case allowed in 
the setup of a forging sequence composed of a single stage in which a prismatic pancake billet of 126x80x40 mm 
dimensions was chosen in order to create a good material flow during the process. 
 
 
Fig. 2. Simple workpiece quotes: top view (a), front view (b) with detailed geometrical ratio. 
 
The billet was pre-heated at 850 °C and 1050 °C for Alpha-Beta and Beta field forging respectively. This setup 
allowed the obtaining of a buy-to-fly ration of 5.4 instead of 19 about requested by the pure machining process. 
The complex case study showed several complications due to the rib shape determining a rib/web ratio of 19.5 (Fig. 
2-b). This characteristic makes the production difficult on both forming and machining ways. In fact, this high 
geometrical ratio needs on one hand a forging sequence composed by several steps and on the other hand a hard 
machining stage increasing the production cost. The reaching of the near-net-shape in only two forging steps, 
maintaining a low buy-to-fly ratio, requested particular arrangements in the use die design rules with the aid of a 
DOE in which the most significant variables in die filling were selected among all those participating to the forging 
process. All simulations were performed using a die temperature of 400 °C, a friction coefficient of 0.7 (dry 
forging) a die speed of 4mm/s. After a training simulation campaign, it was found that the most important 
parameters influencing the correct cavity filling were the billet height, and the fillet radius for both preform and 
finisher dies. 
 
Table 1. Design of experiments for forging process optimization. 
Run 1 2 3 4 5 6 7 8 
H billet [mm] 45.3 43.3 44.2 42.6 42.2 43.6 44.8 45.5 
R fillet finisher [mm] 12.1 11.1 11.9 11.4 11.6 12.9 12.7 12.4 
R fillet preform [mm] 14.3 13.5 13.8 12.8 14.3 14.0 14.8 13.3 
Die filling [%] 87.25 90.73 62.31 93.99 68.48 98.88 99.04 95.58 
 
A range of values was selected for normalization and, at the end, an experiment plan based on latin hypercube 
was used to calculate the values for each selected parameters to be used in the simulation campaign. The die filling 
value, obtained after each simulation, was used as target function in order to estimate the quality of solution (Table 
1). At the end, a prismatic pancake billet having 92x88x44.8 mm (run 7) dimensions was chosen while the 
optimum geometries for preform and finisher dies were built by considering the results of optimization procedure 
(Fig. 3).  Common process parameters were used to run all simulations: initial die temperature of 400 °C, die speed 
of 4mm/s and dry lubrication conditions were applied. After each simulation, the weight ratio between the initial 
amount of material coming from the selected billet and the weight of final machined part (Fig. 1) was performed 
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and a buy-to-fly ratio value of 7.8 was achieved with the best forging solution (Run 7) instead of about 28 of pure 
machining. 
 
Fig. 3. Optimized geometries: front (a) and 3D (c) views for preform die; front (b) and 3D (d) views for finisher die of complex 
workpiece. 
5. Results and discussion 
After running the simulation campaign, the most significant results were plotted for both the considered 
geometries using the most significant points (Fig. 4).  
 
 
Fig. 4. Geometries after forging stage: 3D view (a) and point-tracking positions (c) for simple case; 3D view (b) and point-tracking 
positions (d) for complex case. 
 
The forging load prediction was plotted (Fig. 5) in order to compare the influence of die geometry and 
temperature for both workpieces.  
 
 
Fig. 5. Load-Stroke curves for simple case workpiece (a) and complex case workpiece (b). 
 
Numerical data carried out for strain rate and temperature of the selected points was used to analyse the 
evolution in a Temperature-Strain rate domain (Fig. 6) and relate the results with respect to process windows 
coming from literature. Considering the values range for both temperature and strain rate, a comparison with a 
process map for the considered alloys was given using data coming from a study conducted by Seshacharyulu et al. 
[6] on  workability of Ti-6Al-4V. A map showing the flow instability region based on considerations on strain rate 
sensitivity of the alloy was made in order to identify the safe workability zone. 
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Fig. 6. Instability map for Ti-6Al-4V alloy with separation line [6] and point-tracking data for the simple geometry case. 
6. Conclusions 
An optimization of die geometry for the forging process of a complex shape of an aeronautical component made 
of Ti-6Al-4V was carried out by means of a numerical simulation campaign using an implicit lagrangian code. 
Two different variations of the same geometry were considered in order to check the influence of geometrical 
ratios with respect to the filling of die cavities in reaching the best results in terms of buy-to-fly ratio. Moreover, a 
statistical approach was used to find the best die design for optimization of the initial amount of material able to 
obtain a good pre-machining part. The results of simulations were compared to literature data in order to validate 
the quality of solution in terms of flow stability during the forming stage. 
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